Background-The frequency of, course of, and factors associated with cardiovascular abnormalities in pediatric HIV are incompletely understood.
LV dysfunction and cardiomyopathy have been identified in HIV-infected children. Dilated cardiomyopathy appears to be more common in HIV-infected children than in seroreverted children and increases in frequency as HIV-infected children progress to AIDS. 2, 12 CHF appears to occur chronically in ≈10% of HIV-infected children and transiently in another 10%. 4 Cardiomyopathy appears to reduce survival in HIV-infected children. 3, 5, 6, 9, 16 One study found a relative risk of death of 2.76 in children with cardiomyopathy compared with children without cardiomyopathy. 3 Children were more likely to be short-term survivors (<5 years) if cardiomyopathy was present. 7 In one center, 25% of HIV-infected children who died had cardiomyopathy or died suddenly; 83% of these children had premorbid cardiomyopathy or arrhythmias. 6 Risk factors for more advanced cardiac involvement in HIV-infected children have been suggested 4 and may be useful for monitoring or identification for interventions. These risk factors include HIV encephalopathy 4, 17 and a low CD4 cell count. 9, 10, 18 There are conflicting reports on the use of CD4 cell count as a surrogate marker for HIV-associated heart disease. 11, 13 Previous studies describing cardiac involvement in HIV-infected children were not specifically designed to evaluate serial LV function and have limitations that make it difficult to understand accurately the extent of cardiac involvement. These limitations include a lack of uniform cardiac definitions or monitoring, retrospective study design, use of cross-sectional echocardiographic data, focus on a single echocardiographic parameter, small number of patients, and bias in selection of patients. We therefore conducted a prospective longitudinal study to monitor heart disease and the progression of cardiac abnormalities in asymptomatic and symptomatic HIV-infected children. We performed multiple cardiac measurements with central remeasurements in a consecutive series of geographically diverse children with primarily symptomatic HIV infection with testing at defined time points to more clearly elucidate cardiac involvement in HIV-infected children. We hypothesized that HIV-infected children would develop dilated cardiomyopathy, as assessed by measurements of LV function (FS), contractility (stress-velocity index), afterload (end-systolic wall stress), and size (end-diastolic dimension); abnormal LV hypertrophy, as assessed by measurements of LV mass and the adequacy of hypertrophy (peak-systolic wall stress); and hemodynamic abnormalities, as assessed by measurements of heart rate and blood pressure. The baseline and first 2 years of longitudinal echocardiographic data are presented, as well as correlation of LV structure and function with CD4 cell count and encephalopathy.
Methods
Two hundred five children >28 days old with documented vertically transmitted HIV infection were enrolled between May 1990 and April 1993. All children were born after April 1, 1985 , except when vertical transmission of HIV infection could be documented with reasonable medical certainty. HIV infection was considered to be vertically transmitted if the mother was HIV infected or had died of AIDS and there was no history of sexual abuse of the child before enrollment. Children with cancer at enrollment were excluded. The patients underwent serial echocardiographic evaluations as part of a natural history study of cardiac and pulmonary complications of vertically transmitted HIV infection at five clinical centers located in distinct areas of the United States, as detailed by Kattan et al. 19 All studies followed a protocol approved by the institutional review board at each clinical center. Informed consent was obtained from patients or their families. Patient history was obtained prospectively during visits of the patients to the clinic or by review of medical records.
We classified each patient's HIV disease status at the time of echocardiography according to the 1987 pediatric HIV disease classification system of the CDC. 20 The blood T-cell lymphocyte subpopulation of CD4 cells was counted in laboratories that used AIDS Clinical Trials Group quality assurance protocols, and z scores for age-adjusted CD4 cell counts were determined. 21 We defined CHF as the presence of clinical signs and symptoms of heart failure, as determined by a pediatric cardiologist, treated with anticongestive therapy.
All children underwent echocardiographic testing because of study protocol requirements at predetermined intervals and not specifically for evaluation of cardiac disease. To ensure uniformity of echocardiographic measurements, all echocardiograms were remeasured at one central location by one of two technicians unaware of the clinical status or medications of the patient. Site visits were performed early in the study, and regular feedback was given after central remeasurement to ensure uniform techniques for the performance of echocardiograms. Before each echocardiographic study, children <4 years old were sedated as necessary. Two-dimensional echocardiography and Doppler studies with stress-velocity analysis 22 were performed in each child. We measured systolic and diastolic blood pressure using a Dinamap automated vital-signs monitor (Critikon, Inc). The combined M-mode echocardiogram, phonocardiogram, pulse tracing, ECG, and blood pressure reading were analyzed with a computer program. 22 We determined LV contractility from the relation between end-systolic LV wall stress and the rate-adjusted velocity of fiber shortening, a previously validated index of contractility that incorporates afterload and is independent of preload. 22 Contractility was defined as the standardized difference between the observed and the expected values of the rate-adjusted velocity of fiber shortening. 22 Afterload was measured as meridional end-systolic LV wall stress. Peak systolic wall stress is a determinant of hypertrophy, not function, and was measured as previously defined. 2, 22 LV mass (in grams) was calculated from the M-mode measurements by the method of Devereux et al. 23 Normative values for each of the echocardiographic measures by age or BSA were developed by use of data from 285 normal children measured at the same central digitizing facility in the same manner as the study patient data. The regression lines with 95% prediction intervals for the normal children are shown in Fig 1A through 1F . Age-or BSAadjusted z scores were created for the HIV-infected children to adjust for the changes in LV size and structure associated with growth by taking each echocardiographic measure, subtracting the age-or BSA-appropriate mean, and dividing by 1 SD. Therefore, a z score of 0 represents a measurement that equals the normal mean value for the child's age or BSA, whereas a z score of −2 represents a measurement 2 SD below average for age or BSA. Age correction was used for FS, wall stresses, blood pressure, and heart rate; BSA correction was used for LV dimension and mass. 22 The regression equations for cardiac structure and function measures developed from 285 normal infants and children for this study are listed in Appendix 1. Details on the data from normal children and the nonlinear models can be found in Colan et al. 22 Dilated cardiomyopathy is defined as a child having both LV contractility >2 SD below the normal mean and LV end-diastolic dimension >2 SD above the normal mean. Inadequate LV hypertrophy is defined as a reduced ratio of LV thickness to LV dimension and elevated peak systolic wall stress. Inappropriate LV hypertrophy is defined as elevated LV mass for BSA in the setting of decreased height and weight for age and sex.
Statistical Analyses
Baseline Data-Mean z scores for each cardiac measurement were compared with a score of zero by a one-sample t test. The Spearman rank correlation coefficient was used to determine the association between baseline echocardiographic parameters and CD4 cell count z scores. ANCOVA was used to compare cardiac function measures by baseline HIV encephalopathy status.
Longitudinal Data-To assess whether there were changes over time, a longitudinal repeated-measures analysis was performed for each cardiac function measurement and z score. Specifically, a linear model using maximumlikelihood estimation and an unstructured variance-covariance form among repeated measurements was fitted for each cardiac outcome. Covariate adjustment was made for time on study, age, age by time on study, digitizing technician, and baseline CD4 cell count z score. The results were summarized with adjusted means and 95% CIs for all children when the statistical interaction between age and time on study was not significant and by age category when the interaction between age and time on study was significant. The exception was LV mass, for which the interaction term was not significant but age was significant. Therefore, we report both the adjusted means for all children and also the adjusted means by age category.
Longitudinal Correlations-The rate of decline in cardiac function measures was determined by a random-coefficients model, in which the regression of z score on time since the initial echocardiogram was assumed to be linear, allowing a random intercept and slope for each child. To estimate the correlation between the rates of decline in FS and CD4 cell count z scores, a bivariate linear random-effects model was fitted, allowing estimation of the correlation between the true underlying intercepts and slopes for CD4 cell count and FS z scores. 24 
Results
Of the 205 children enrolled, 196 had a centrally remeasured echocardiographic evaluation available for this analysis. Nine children were not included in the analysis because of the inability to digitize the initial echocardiogram for 5 children and absence of an echocardiogram for 4 other children lost to follow-up. The initial echocardiogram was performed within 3 months of enrollment for 71% of participants (n=139). The age at initial echocardiography was <1 year in 23.5% (n=46), 1 to 2 years in 23.0% (n=45), 2 to 4 years in 23.5% (n=46), and ≥4 years in 30.1% (n=59).
The baseline descriptive statistics for the 196 children with echocardiographic data are shown in Table 1 . The study population largely had symptomatic HIV infection with immunosuppression and reduced height and weight at 2.1 years old (median). The mean CD4 cell z score of −1.86 shown in Table 1 is also significantly less than normal (P<.001). Sixty-three percent of the children received zidovudine treatment at enrollment. Two children had CHF at initial cardiac evaluation, and 8 developed CHF during the 2 years of follow-up. The 2-year cumulative incidence of CHF was 4.7% (95% CI, 1.5% to 7.9%), excluding the 2 presenting cases. Thirty-two children died during the 2-year study period.
The mean values of all echocardiographic parameters were significantly abnormal at enrollment ( Table 2 ). There was a pattern of decreased overall LV performance, with the mean FS z score nearly 1 SD below normal and the raw mean FS almost 2.5% below normal (expected mean of 37.0% versus observed mean of 34.6%). For 31% (60/196) of patients, the LV FS z score was more than 2 SD below normal. This decrease appeared to be the result of both depressed contractility and increased afterload as measured by end-systolic wall stress. The high end-systolic stress was the result of reduced LV posterior wall thickness (mean z score, −0.31; SD, 1.4; P=.003) as well as increased end-systolic blood pressure (Table 1 ) and LV dimension ( Table 2) . LV dimension was elevated with reduced wall thickness, resulting in a reduced thickness-to-dimension ratio (mean z score, −0.42; SD, 1.4; P<.001), even though LV mass was increased above the normal mean for BSA. Increased heart rate and diastolic blood pressure (mean z score, 0.49; SD, 1.1; P<.001) were noted at the time of baseline echocardiography. Baseline echocardiographic parameters in comparison with normative values are shown for individual children in Fig 1 , and raw and expected means are given in Table 2 . Table 3 demonstrates the association of baseline echocardiographic parameters with CD4 cell count z score and HIV encephalopathy status. We found significant correlations between CD4 cell count and all echocardiographic measurements except LV peak wall stress. Children with the most depressed FS or dilated end-diastolic dimension had the lowest CD4 cell counts.
At baseline, 40 children (20.4%) were classified as having neurological disease (CDC class P2B). An additional 22 children (11.2%) developed progressive neurological disease during the 2 years of follow-up. The remaining 134 children (68.4%) never developed progressive neurological disease. The relations between cardiac and neurological involvement were significant; children with encephalopathy had depressed FS and elevated end-systolic wall stress and heart rate ( Table 3) . Table 4 lists the time trends for the echocardiographic parameters from Table 3 . There is a decline in FS z score from −0.9 SD at 1 to 3 months on study to −1.32 SD at 22 to 26 months on study, which approaches statistical significance (P=.06 for linear trend) in the covariateadjusted model including adjustment for the significant effect of the echocardiographic digitizer (P=.004). Note, however, in Table 4 that much of the decline in FS occurs during the first 3 months. Subgroup analyses show a significant decline in FS of −0.30 SD per year among the 164 children who did not die within 2 years (intercept±SE= −0.8±0.14, slope±SE=−0.30± 0.08). In addition, children with an initial FS z score ≥0 had a significant decline of 0.79 SD per year (P<.001; intercept±SE=0.66±0.14, slope±SE= −0.79±0.12). However, those with an initial FS z score between −2 and 0 or a severely depressed initial FS z score ≤−2) did not change over time.
Similarly, Table 4 shows that heart rate increases from 1.01 SD above normal at 1 to 3 months on study to 1.52 SD above normal at 22 to 26 months on study (P=.001). LV enddiastolic dimension z score was not found to change significantly (P=.23). There was a significant increase in LV mass z score with increasing time on the study (P=.02) and age (P=.006). The other cardiac parameters were found to change with time according to enrollment age. The patterns of change are detailed in Table 5 and Fig 2. The overall trends were for increases in LV mass and in end-systolic and peak-systolic wall stresses and for depression of contractility over time. Even though each age subgroup has a small number of patients, several significant results were noted from the longitudinal repeated-measures analysis (P<.0125 with a Bonferroni adjustment for multiple comparisons). The mean LV end-and peak-systolic wall stress z scores significantly increased over time for children who enrolled at ≥4 years old (P<.001 for linear trend over time for each). This is consistent with the data in Table 2 and the finding that decreased FS is due to both depressed contractility and elevated afterload. Similarly, LV contractility decreased with time for older children (≥4 years old at enrollment) and for children <1 year old at enrollment. However, for children who enrolled at 2 to 3 years old, the mean LV contractility did not change and the mean increased for children 1 to 2 years old at enrollment. These different trends in mean LV contractility support the observed interaction between age groups and time on study (P=. 03). Table 6 shows the results of fitting a longitudinal model relating FS and CD4 cell counts for those 137 children with two or more paired measurements who did not die during the 2 years of follow-up. The table indicates that FS starts at 0.61 SD below normal and declines significantly by 0.46 SD per year.
Similarly, in Table 6 , CD4 cell counts are initially 1.68 SD below normal and decline by 0.22 SD per year. The decline in FS shows a small and nonsignificant correlation with the decline in CD4 cell counts (r=.14; P=.56). In contrast, the initial CD4 cell counts and FS z scores are correlated significantly (r= .3; P=.02). Note, however, that CIs for these estimates are wide, and the results may change as data from later follow-up observations are included. Table 7 shows that the children who developed encephalopathy during follow-up had both depressed FS at baseline (z score, −0.9 SD) and a decline during follow-up (−0.95 SD per year, P<.001; 95% CI, −0.44 to −1.46). In contrast, the children who had encephalopathy at baseline and throughout follow-up had depressed FS initially (z score, −0.93) but showed only a mild decline during follow-up (−0.33 SD per year; P= .26), whereas the children who had never had encephalopathy had mildly depressed FS at baseline (z score, −0.5) and showed only a moderate decline (−0.42 SD per year; P<.001). These results suggest that despite a depressed baseline FS, children in whom encephalopathy developed will have a marked further decline in FS. In contrast, the yearly decline in CD4 cell counts was roughly equivalent regardless of whether encephalopathy was present or developed during followup. These results are based on sparse data and may be revised with further follow-up. There is no statistical difference between the slopes or the adjusted means for FS or CD4 cell count z scores according to the presence, absence, or development of encephalopathy.
Discussion
Subclinical cardiovascular abnormalities are common in HIV-infected children. The mean values for numerous cardiac parameters were significantly different from normal at baseline, and most remained so throughout follow-up, with some progressing. Dilated cardiomyopathy, inadequate LV hypertrophy, and increased heart rate and blood pressure were noted. Although FS correlated with CD4 cell counts and encephalopathy at baseline, the lack of a longitudinal correlation between cardiac and immune dysfunction suggests that CD4 cell count is an inadequate surrogate for cardiac involvement in HIV-infected children. However, the development of encephalopathy was associated with a deterioration of LV function.
The global LV systolic dysfunction was due to both intrinsic cardiomyocyte dysfunction (decreased LV contractility) and abnormalities of loading conditions. Elevated afterload was persistent and related to LV dilatation, LV wall thinning, and increased blood pressure. The combination of dilatation and decreased contractility is consistent with dilated cardiomyopathy. 2 The severity of LV dysfunction may be an important indicator for future survival. 9, 10, 16 Most of the reduction in FS occurred during the first year of the study in patients with previously normal LV function; the fall may be partially explained by regression to the mean.
The increased LV mass appeared to result from a normal but inadequate response to persistent LV dilatation. The reduced ratio of LV thickness to dimension results in increased peak wall stress. 2 Elevated peak wall stress normally induces LV hypertrophy until the LV thickness-to-dimension ratio is adequate to normalize peak stress. Persistent elevation of peak wall stress indicates an inadequate hypertrophic response to LV dilatation during the follow-up interval. Growth hormone therapy has recently been suggested as a useful intervention to help improve inadequate hypertrophic responses to LV dilatation 25 and may be useful in these patients.
Unlike other states of malnutrition, in which LV mass falls as weight and height fall, 14 LV mass for BSA was greater than normal, even though weight and height, adjusted for age and sex, were less than normal. This suggests that the demands of mechanically driven LV hypertrophy take precedence over the catabolic influence of wasting. There appears to be sparing of cardiac mass relative to skeletal muscle wasting in HIV-infected children. 14 Elevation of heart rate and blood pressure may be related to the autonomic dysregulation described in HIV-infected patients. 26 Increased catecholamines are potent inducers of LV hypertrophy and are associated with hyperdynamic LV function acutely. 27 However, chronic catecholamine elevations can result in LV dysfunction. 27 If a hyperadrenergic state is demonstrated in these children, then an interventional trial of β-adrenergic blockade 28 may be warranted to determine whether the course of LV dysfunction can be altered favorably.
The baseline correlation between LV FS and encephalopathy further supports the relation between advanced neurological disease and cardiac dysfunction, an association that has also been found in other studies. 4, 17 Because of the small number of children with encephalopathy, our estimates of the magnitude of the effect of encephalopathy on LV dysfunction are not clear. However, the existence of an association is clear. Additional follow-up of this cohort may clarify the magnitude of this effect.
Immune or infectious mechanisms are likely to contribute to the myocardial damage frequently associated with dilated cardiomyopathy in HIV-infected patients. 8, 13 These mechanisms may include direct mononuclear immune cell activation, cytokine effects, 8, 29 autoimmunity, HIV infection of myocardiocytes, 30 and other coinfections. Indeed, in some studies, >50% of HIV-infected adults have been noted to have myocarditis at autopsy. 31 We found a significant correlation between FS and CD4 cell counts at baseline, but the rates of decline did not correlate with advancing HIV infection, indicating that the CD4 cell count may not be a useful surrogate marker of progressive cardiac deterioration. This conclusion is further supported in this study by both the association of encephalopathy with LV FS and the lack of an association between encephalopathy and CD4 cell count. The levels of lymphocyte subpopulations 32 or combinations of surrogate markers, including the determination of viral load, may be more useful for determining the progression of cardiac disease in HIV-infected children.
The median age of the children enrolled in this study was only 2.1 years, and they had mostly symptomatic HIV infection that did not meet CDC criteria for AIDS. A recent CDC study found that children with mildly symptomatic HIV infection had a 60% chance of developing severe symptoms within 5 years and a 35% chance of dying within 5 years. 33 The mean times for the development of severe symptoms and death were 6.6 and 9.4 years, respectively. 33 Most children reached a stage of moderately symptomatic HIV infection (which could include cardiomyopathy) in the second year of life and spent more than half of their lives (65 months) in this category. 33 The fact that many cardiac parameters did not progress during our period of follow-up may reflect this prolonged period of moderate symptomatology. Encephalopathy indicates progression to severe symptoms. Therefore, the fall in LV function with newly diagnosed encephalopathy is related to the worsening of HIV disease.
The CD4 cell count is a correlate of the progression of the biological effects of viral infection on the immune system, but it does not sufficiently indicate the magnitude of the clinical effects. 34 Several studies have shown CD4 cell count to be of limited value as a marker of clinical outcome. 35, 36 It appears that CD4 cell count does not mark the relationship to the putative multifactorial mechanisms proposed for the pathogenesis of HIV-associated cardiac disease. Preliminary data suggest that serial monitoring of LV function with early cardiac intervention reduces subsequent cardiac morbidity and related mortality in HIV-infected children. 37 Yet the practicality, cost, characteristics of the population, and limited availability of echocardiography preclude regular cardiac monitoring for most HIV-infected children. Therefore, the importance of valid surrogate markers to increase the detection of clinically occult LV dysfunction cannot be overstated.
In summary, subclinical cardiac dysfunction is common in children with HIV infection; it may be persistent or progressive, it appears to be associated with encephalopathy, and it may affect overall survival. 
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Baylor Beverly Wood, MD; Jeffrey Chen, MS; Helene Cohen, PNP, RN; Norma Dolmo; Maria Initial echocardiographic measurements for HIV-infected infants and children plotted on regression lines with 95% prediction intervals for 285 normal children. A, LV FS percent vs age in years. B, LV end-systolic wall stress in g/cm 2 vs age in years. C, LV end-diastolic dimension in centimeters vs BSA in square meters. D, LV peak wall stress in g/cm 2 vs BSA in square meters. E, LV contractility z score vs age in years. F, Heart rate in bpm vs age in years. Longitudinal change in echocardiographic parameters by age group using repeated-measures analysis. Time trend lines represent model-based means adjusted for time on study, age, age by time on study, digitizer and baseline CD4 cell count z score for LV mass and z score, LV end-systolic wall stress and z score, LV peak-systolic wall stress and z score, and LV contractility (stress velocity index). There is no statistical difference between the slopes among the three encephalopathy groups for FS z scores or CD4 cell count z scores.
